Introduction {#sec0005}
============

Among the degenerative diseases that affect the elderly, degradation of articular cartilage tissue, a process known as osteoarthritis or osteoarthrosis (OA) is one of the most common.[@bib0125]

The functionality of the cartilage depends on the integrity of its extracellular matrix (ECM) and on the arrangement of its molecular components. The susceptibility of articular cartilage to progress to OA is due to its limited autoregeneration capacity, caused by the low mitotic activity of chondrocytes and their avascular nature.[@bib0130], [@bib0135]

In large weight-bearing joints that are subjected to friction, cartilage defects do not regenerate spontaneously and require therapeutic intervention. Conventional treatment for the repair of cartilage defects, such as non-surgical approaches (*e.g.*, glucosamine, steroids, and hyaluronic acid injections) or surgical treatment (*e.g.*, debridement) only relieve pain and do not restore the joint surface.[@bib0140] Therefore, traditional techniques are palliative. Washing and chondroplasty promote symptomatic relief of pain without hyaline tissue formation. These techniques remove the superficial layer of the cartilage, including the collagen fibers, which are responsible for the mechanical resistance and create a cartilage tissue with inferior functionality. The subchondral debridement or microfracture technique has been considered as a stimulant for the production of hyaline-like tissue, whose properties and durability are comparable to that of normal cartilage. However, in many cases a formation of fibrocartilaginous tissue that degenerates over time has been observed. Autologous osteochondral transplantation and mosaicplasty (cartilage autotransplantation) may restore cartilage tissue, but its applications are restricted to small defects; there are also some concerns regarding morbidity of the donor site.[@bib0145] The treatment of OA and local articular cartilage defects remains challenging. There are currently no surgical or non-surgical treatments that repair or restore the damaged surface.

Accordingly, current treatment methods do not provide a satisfactory long-term outcome; this fact has stimulated studies into innovative approaches in tissue engineering with the use of biomaterials as frameworks for new tissue formation.[@bib0150], [@bib0155] Some of the biomaterials are natural and autologous, such as a membrane of fibrin-rich plasma (FRP). The fibrin membrane can be readily isolated from plasma from the patient\'s peripheral blood through centrifugation, when a dense FRP membrane is formed and can be readily used after exudation. The FRP exudate contains significant amounts of growth factors in addition to the glycoprotein matrix, particularly fibronectin and vitronectin, two key proteins that allow extracellular and cell-matrix contact.[@bib0160]

Fibrin membrane, therefore, is an autologous natural biomaterial that is rich in glycoproteins and growth factors, easy to prepare, and inexpensive. Due to its autologous nature, there is no risk of infection or onset of autoimmune processes. Therefore, this study is aimed at evaluating the ability of FRP membrane to induce proliferation and differentiation of human stem cells, derived from adipose tissue, into chondrocytes.

Materials {#sec0010}
=========

This study was approved by the Research Ethics Committee of PUC-PR, under opinion No. 1,348,208.

Peripheral blood was collected from two healthy volunteers to obtain the fibrin membrane. The participants were chosen according to the inclusion criteria: age between 18 and 55 years; minimum of 54 kg body mass; no chronic or autoimmune diseases; non-smokers; and no use of aspirin or other drugs that may interfere with the coagulation process in the last two weeks. The exclusion criteria were as follows: pregnancy; presenting with arterial and/or peripheral venous insufficiency; or continuous use of anticoagulant drugs.

Human stem cells derived from adipose tissue (ASC) were obtained by liposuction surgery from a single donor, from which they were isolated and expanded. The donor accepted to donate and signed an Informed Consent Form.

Methods {#sec0015}
=======

Preparation of fibrin membranes and eluate {#sec0020}
------------------------------------------

A total of 80 mL of blood from the antecubital (superficial) vein of each participant was taken with the aid of a Scalp 21G device (BD Vacutainer^®^) for filling eight 10-mL plastic tubes, properly sterilized and identified with codes, for vacuum blood collection (BD Vacutainer^®^). The tubes contained no anticoagulants, but did contain a clot activator. The collected blood was immediately centrifuged (Spinlab digital centrifuge) at 770 × *g* for 12 min at a controlled room temperature of 20 °[C]{.smallcaps}. After centrifugation, the FRP clot was removed with sterile tweezers and, with a sterile scissors, the small part of red cells adhered to its end was removed. The clots were then pressed with a sterilized stainless steel plate (Box PRF BmdCon^®^) for serum withdrawal (exudate extraction). The FRP membrane was then obtained.[@bib0165] The membranes were used immediately after their production to obtain the eluate, in order to prevent any protein degeneration, which could occur in a maximum of 3 h.

Eight FRP membranes from the two participants, once extracted and exuded, were cut with a sterile biopsy punch (No. 6 mm Miltex^®^) into three 6 mm circles and placed in 6-well culture plates (GreinerBio-One). Then, 5 mL of DMEM-F12 culture medium without SBF was added to each well. The supernatants were removed from the plates after 48 h, transferred into 50-mL tubes, and stored at temperatures between 2 and 8 °C.[@bib0170] In this way, the eluate from each individual was obtained.

Isolation and expansion of stem cells derived from human adipose tissue (ACS) {#sec0025}
-----------------------------------------------------------------------------

The vial with 50 mL of the adipose tissue (AT) was processed in a laminar flow, using the enzymatic digestion method in accordance with Rebelatto et al.[@bib0175] In this process, the AT was washed three times with 150 mL of phosphate saline solution (PBS -- Gibco™ Life Technologies, Grand Island, USA) and dissociated with type [I]{.smallcaps} collagenase (1 mg for each mL of fat; Gibco™ Invitrogen, NY, USA) for 30 min at 37 °C, with constant stirring. After digestion, the lower liquid part was removed and filtered with cell strainer (100-μm mesh, BD Falcon, BD Biosciences Discovery Labware, Bedford, USA). The cell suspension was centrifuged at 800 × *g* for 10 min, and the contaminating erythrocytes were removed after lysis with a pH 7.3 buffer.[@bib0180] Cells were washed and re-filtered with cell strainer (40-μm mesh, BD Falcon™, BD Biosciences Discovery Labware, Bedford, USA). The resulting cells were cultured at 1 × 10^5^ cells/cm^2^ density in T75 culture flasks (TPP, Trasadingen, Switzerland) in DMEM-F12 medium (Gibco™ Invitrogen, NY, USA), supplemented with 10% fetal bovine serum (Gibco™ Invitrogen, NY, USA), 1% penicillin (100 units/mL), and streptomycin (100 μg/mL; Gibco™ Invitrogen, NY, USA).

The ASCs were stored in an incubator with 5% CO~2~ tension, 37 °C, and 95% humidity. After 72 h of culturing, the non-adherent cells were removed and discarded. The medium was exchanged two times a week, and the cells were stored until reaching confluence between 80% and 90%. Subsequently, the cells were dissociated (detached from the bottom of the flask) with 0.25% trypsin/EDTA (Invitrogen™, NY, USA) and re-plated into other culture flasks, which characterized the first pass (P1). After the third dissociation (P3), the cells were suspended in DMEM-F12 medium with 15% SFB and counted in Neubauer\'s chamber.

ACS cultivation with FRP eluate {#sec0030}
-------------------------------

A total of 3000 cells per well were distributed in 96-well culture plates (GreinerBio-One) with DMEM-F12 medium and 15% FBS, which were stored in an incubator with 5% CO~2~ tension for 12 h for cell adhesion.

After 12 h of culture, the medium was removed with serum and serum-free medium (SBF-free) was added for cell starvation, in order to avoid interference of serum growth factors in cell proliferation. After 24 h, 150 μL of the eluate from the membranes obtained from the two donors were added into each well (test wells), and 150 μL of SBF medium into the control wells. Cells were cultured for three days. The membrane eluate and culture medium were changed daily.[@bib0185] After three days of cultivation, bromodeoxyuridine (BrdU) staining was performed to assess cell proliferation.

For the cell proliferation test, the cells were plated in technical sextuplicates. The results with total number of nuclei and percentage of BrdU-stained cells were plotted as the mean of the technical replicates.

Cell staining with BrdU and evaluation of cell proliferation {#sec0035}
------------------------------------------------------------

After three days of cultivation, BrdU staining was performed for 24 h to evaluate cell proliferation. To this end, 50 μL per well of BrdU (Eugene, Life Technologies, Oregon, USA) at 100 μM concentration were added. After 24 h, cells were washed with PBS and fixated with 4% paraformaldehyde (Sigma--Aldrich, St. Louis, USA) for 30 min, at room temperature. Once fixated, the cells were washed with PBS and, subsequently, with distilled water, and agitated for 5 min. The cells were then washed twice with HCl 2 N at 50 °C and agitated for 10 min and then washed and agitated with borate buffer at 50 °C for another 10 min.

Cells were permeabilized with 0.3% TBS-Triton (Sigma--Aldrich) and agitated for 10 min. Subsequently, nonspecific sites were blocked with TBS 10 mM + 5% goat serum + 1% bovine albumin + 0.1% Triton and agitated for 1 h. The cells were then incubated with BrdU antibody conjugated with AlexaFluor 488 (1:200 dilution; Life Technologies, OR, USA) for 1 h, at room temperature. After the staining process, the cells were washed again with PBS.

For visualization of the nucleus, DAPI (1 μg/μL) (Eugene, Life Technologies, OR, USA) was used for 5 min at room temperature. The cells were then washed with PBS and distilled water.

For the cell proliferation assay, the 96-well plate was scanned with the Hight-Content Operetta imaging system (kindly provided by Perkin Elmer^®^) with 10× magnification; nine fields of view/well were evaluated. The images were analyzed using the Harmony 3.5.2 software (Perkin Elmer^®^).

Specific markers were used, and the Hight-Content Operetta^®^ imaging system evidenced the nuclei found in each well of the cell culture dish. How markers were used: DAPI was used as a control for cell nuclei staining; BrdU + anti-BrdU, where BrdU is incorporated into the thymine of the DNA of the proliferating cells and therefore indicates the cells in cell division; and only anti-BrdU was used as negative control, a secondary antibody with fluorophore (green) when bound to BrdU.

The data were analyzed with the software Graphpad Prism version 7, with the ANOVA test, followed by Tukey\'s test. Differences were considered to be statistically significant when *p* ≤ 0.05. Data were expressed as the total number of stained nuclei and the percentage of proliferating cells during the BrdU pulse.

Assessment of the differentiation of stem cells in chondrocytes {#sec0040}
---------------------------------------------------------------

For the chondrogenic differentiation, the ASCs were isolated and expanded as previously described. These cells were cultured in micromass. Approximately 2 × 10^5^ cells diluted in 0.5 mL culture medium were centrifuged at 400 × *g* for 10 min in a 15 mL polypropylene tube to form the cell pellet. The cells were cultured for 21 days under three conditions: commercial chondrogenic differentiation medium (Differential Basal Medium Chondrogenic; Lonza, Walkerville, USA), DMEM-F12 medium + 15% SFB (control), and fibrin eluate obtained from two individuals. For each condition, 0.5 mL of solution was added to the cell pellet, homogenized, and centrifuged again at 400 × *g* for 10 min. The tubes with the cells were incubated at 37 °C, with 5% CO~2~.

Without moving the cell pellet, the medium was changed every three days. At day 21, the cell aggregate was fixated in 10% formaldehyde for 1 h at room temperature, dehydrated in serial dilutions of ethyl alcohol, made transparent in xylol, and infiltrated with liquid paraffin. The paraffin blocks were sectioned with a microtome (4 μm) and the slides were stained using the toluidine blue staining technique (Sigma--Aldrich, St. Louis, USA) in order to expose the matrix of mucopolysaccharides; immunocytochemical staining with aggrecan antibody (Invitrogen™, NY, USA; 1:100) was used to assess the presence of extracellular matrix synthesized by chondrocytes.

Results {#sec0045}
=======

After the FRP membranes were extracted from the tubes, it was possible to visualize the three membrane regions identified by Dohan et al.[@bib0190] as: red thrombus, characterized by an aggregation of red blood cells and platelets to the fibrin matrix; fibrin clot, an acellular area formed by fibrin matrix; and mixed area (buffy coat), an intermediate between red and white.

Microscopic analysis of the FRP membrane ([Fig. 1](#fig0005){ref-type="fig"}) confirmed the formation of the regions observed macroscopically. Histological sections demonstrated that the lower part of the fibrin matrix (FRP) was occupied by whitish streaks ("mixed area") and aggregates of cellular fragments (red thrombus). However, the upper part of the clot, formed by the fibrin network, did not have platelets or other cellular bodies.Fig. 1Microscopic analysis of the fibrin membrane. (A) Platelet accumulation in the lower region (arrows) in transition with the mixed region, which shows whitish streaks (stars); (B) Superior area of the clot with the extensive fibrin network. Staining: Hematoxylin-Eosin. Magnified 10×.

Initially, the cell proliferation assays were made with the ASCs directly on the fibrin membrane; however, autofluorescence was observed after staining with antibodies, which prevented the counting of the cells by the Operetta^®^ inverted infrared microscope. As an option, the technique of Gassling et al.[@bib0185] was adapted, using the eluate from the fibrin membrane instead of the membrane itself.

[Table 1](#tbl0005){ref-type="table"} shows the mean count of stained nuclei in each well per treatment at the time of cultivation. In the present study, it was observed that the fibrin eluate treatment was significant for the number of cells marked in relation to the control group, with *p* = 0.002 for the ANOVA test (*n* = 6). Tukey\'s post test indicated a significant difference between the ACS + Eluate 1 group and the other groups, as shown in [Fig. 2](#fig0010){ref-type="fig"}A.Fig. 2Statistical results showing: (A) Total cells stained by condition of culture; (B) Percentage of 24 h proliferation cells (BrDU-stained).Table 1Total number of nuclei stained immediately after cultivation.Table 1Well 1Well 2Well 3Well 4Well 5Well 6ACS126634334299537250082986ACS + Eluate 1545993569848ND86206699ACS + Eluate 2526829676367574561117171

Fibrin eluate treatments also presented a higher percentage of labeled nuclei in cell proliferation during the BrdU pulse (24 h) when compared with the control group ([Table 2](#tbl0010){ref-type="table"}). The ANOVA test showed significance, with value of *p* \< 0.0001 (*n* = 6). Tukey\'s post test revealed that the groups (ACS + Eluate 1 and ACS + Eluate 2) were statistically different when compared with the control and with each other, as shown in [Fig. 2](#fig0010){ref-type="fig"}B. A greater cell division, and therefore, cell proliferation, was observed when ACS was in contact with the fibrin eluate.Table 2Percentage of BrdU-stained cells in cell proliferation (24 h).Table 2Well 1Well 2Well 3Well 4Well 5Well 6ACS372826272632ACS + Eluate 1625155ND6463ACS + Eluate 2474042493851

Microscopic analysis of the histological slides of the chondrogenic differentiation assay demonstrated that the three assay conditions (control, Gibco™ commercial differentiation medium, and fibrin eluate) were able to induce the differentiation of stem cells into chondrocytes.

It is possible to observe in the microscopic images of [Fig. 3](#fig0015){ref-type="fig"}, in toluidine blue, that cells grown in commercial differentiation medium and in fibrin eluate presented a more organized extracellular matrix (C and E), with few spaces between the cells, when compared with cells cultured only with SFB (control) medium. The control cells (A) presented a matrix with enough space between the cells and with less intense staining than the other assays (differentiation medium and fibrin eluate), which indicates less mucopolysaccharides in the extracellular matrix. The staining with toluidine blue marks acidic groups of cellular components, such as the region of the cell nucleus, and has affinity for mucopolysaccharides found in the extracellular cartilaginous matrix, such as proteoglycans and glycosaminoglycans.[@bib0175]Fig. 3Microscopic evaluation of a chondrogenic differentiation assay: (A, C, and E) Extracellular matrix evidenced by toluidine blue staining, which shows higher intensity in the differentiation and eluate; (B, D, and F) Immunocytochemical staining for aggrecan, extracellular matrix protein, expressed by cells in chondrocyte differentiation (arrows). Magnified 40×.

Aggrecan immunocytochemical staining suggested that all assays had glycoprotein expression in the extracellular matrix. The staining was visualized with low intensity (arrows in B, D, and F), as this was a 21-day experimental cell culture. Comparing the images, it is possible to identify points that vary in tone (from light to medium) in the cytoplasm of several cells. Cells in the medium containing eluate presented aggrecan expression, and the onset of chondrocytic differentiation was confirmed by toluidine blue staining.

Discussion {#sec0050}
==========

After the compression exudate was removed, 3-cm^2^ membranes were obtained. The FRP membrane was shown to have sufficient texture and elasticity to be used as a biomaterial, as suggested by Khorshidi et al.[@bib0195]

In addition to these physical characteristics, Dohan et al.[@bib0200] demonstrated that, after centrifugation, platelets are activated on the FRP membrane and growth factors (TGF-β, PDGF, IGF) and cytokines are gradually released. During this process, an intercellular reaction occurs between the fibrin, the cytokines, and the extracellular matrix of the involved site. Thus, FRP progressively acts on the modulation of an inflammatory tissue response, both by attracting new cells to regenerate adjacent tissue and by contributing to the defense against bacteria and other pathogens.[@bib0205]

In a third study, Dohan et al.,[@bib0210] investigated which cytokines were present in the FRP membrane. Pro-inflammatory (IL-1, IL-6, and TNF-α) and anti-inflammatory cytokines (IL-4) were found, as well as the growth factor responsible for local angiogenesis (VEGF), resulting in an efficient response against tissue inflammation.

Gassling et al.[@bib0170] compared the growth of human periosteal cells in FRP membranes with their growth in commercial collagen membranes. Their study assessed cell viability, lactic dehydrogenase (LDH) dosage biocompatibility, and cell proliferation by BrdU. The results showed that both membranes presented viable cells; apoptosis was not observed. BrdU staining indicated greater cell proliferation in FRP membranes than in collagen membranes, whereas MTT tests confirmed higher metabolic activity also for fibrin membranes.

Similar to the previous study, Gassling et al.[@bib0185] proposed the use of fibrin membrane eluate to culture osteoblasts. Their study compared the compatibility and cell proliferation between fibrin and commercial collagen membranes. Their results showed a higher cellular proliferation by BrdU for the FRP membrane, as well as a greater cell differentiation in alkaline phosphatase test.

In the present study, a significant difference in cell proliferation was observed between the control group and the eluate groups; the eluate 1 group presented the highest number of nuclei in proliferation stained by BrdU. The difference in results suggests that the fibrin clot may vary (according to the donor) in platelets, cytokines, and growth factors counts, which are paramount for the cellular mechanism of cell proliferation, as membranes of two donors were produced.

The formation of the fibrin clot involves a slow polymerization of fibrin in the tube, resulting from coagulation by autologous thrombin concentrations, which influence the three-dimensional structure of the fibrin mesh obtained. The formed fibrin can assume two distinct architectures: condensed tetramolecular, with bilateral junctions, and connected trimolecular, with equilateral junctions. FRP with bilateral junctions is formed in high concentrations of thrombin, resulting in a very rigid fibrin network that does not favor the passage of growth factors to cellular medium. In turn, in a low concentration of thrombin, the fibrin network formed with equilateral junctions is thin and flexible, facilitating the infiltration of growth factors and chemotaxis of other cells to the site.[@bib0200]

The results of cell proliferation in contact with FRP were also corroborated by the study of Ehrenfest et al.,[@bib0215] which analyzed its effect in primary culture of different human cell types (gingival fibroblasts, dermal pre-keratinocytes, pre-adipocytes, and maxillofacial osteoblasts) and demonstrated the ability of FRP to induce the proliferation of all cell types, especially osteoblasts, suggesting that growth factors promote angiogenesis, proliferation, and cell differentiation.

Xu et al. used ACS derived from mammary adipose tissue and FRP.[@bib0220] These authors treated stem cells with the ginsenoside Rg1 (a sterol compound extracted from ginseng) and with FRP. Both were able to promote cell proliferation and differentiation; the expression of collagen and vascular endothelial growth factor (VEGF) was observed.

During chondrogenic differentiation, chondrocytes synthesize the extracellular matrix, while other growth factors act synergistically for this event. Froelichet et al.[@bib0225] cultured ACS with a biomaterial composed of gel fibrin and polyurethane and added TGF-β and BMP-2 growth factors for 35 days. Their assay proved the ability of ACS to differentiate into chondrocytes and that the composite (fibrin + polyurethane) serves as a framework for cell growth; these authors also detected the deposition of aggrecan and glycosaminoglycan in the extracellular matrix.

Chondrocyte differentiation was also observed with the use of platelet-rich plasma (PRP). In an *in vitro* study, Mishra et al.[@bib0230] observed that PRP was able to proliferate and differentiate stem cells into chondrocytes, using cell cycle markers (Sox-9) and structural component of the articular cartilage (aggrecan).

The influence of collagen on pre-differentiated chondrocyte micromasses was studied by Hui et al.[@bib0235] From histological and immunocytochemical assays, these authors were able to observe positive staining in extracellular matrix components of the cellular micromass, such as GAG, type [II]{.smallcaps} collagen, and aggrecan, with high levels of expression. This finding corroborates the histological and immunocytochemical results of the present study, in which the extracellular matrix was intensely stained in toluidine blue and aggrecan, suggesting that fibrin eluate induced the stem cells to differentiate into chondrocytes.

In a cell proliferation study, Wu et al.[@bib0240] demonstrated that the FRP membrane is capable of differentiating cells into osteoblasts, as well as regulating the expression of the proteins that synthesize the extracellular matrix, resulting in injured tissue regeneration.

Conclusion {#sec0055}
==========

The fibrin membrane extraction method (from peripheral blood) used in the present study was shown to be effective; the membranes were produced with structural characteristics similar to those described in the literature. The experimental protocol chosen, in which fibrin membrane eluate was used instead of the membrane itself, was necessary for cell visualization and counting, which is hindered by the autofluorescence of the membrane.

The growth of ACS with the addition of the fibrin membrane eluate showed a significant difference in cell proliferation in relation to the control group (*p* = 0.002 for the ANOVA test, with *n* = 6). This result demonstrates the ability of the fibrin membrane to promote tissue regeneration. Tukey\'s post test revealed a significant difference between the ACS + Eluate 1 group and the other groups (control and ACS + Eluate 2), as well as the fact that the physiological conditions of the participants interfered in FRP properties.

The beginning of the chondrocytic differentiation in the wells with the fibrin eluate was confirmed by the expression of glycoproteins present in the extracellular cartilaginous matrix, visualized with the toluidine blue and aggrecan staining. Therefore, the fibrin membrane is capable of inducing the differentiation of stem cells into chondrocytes and favors the regeneration of cartilaginous tissue, especially when an injection of these cells is used in a damaged joint.
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